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Abstract—A torque limit-based (TLB) method was proposed 
in literature in order to emulate inertial response of variable 
speed wind turbines (VSWTs). In this paper, this conventional 
TLB scheme is firstly modified by considering a finite ramp rate 
for inertial power of the VSWT. It is exposed that the maximum 
values of the VSWT’s inertial power and kinetic energy released 
by its rotor have a non-linear relationship with its operation 
point. Then, a linear TLB scheme is proposed to make the inertia 
emulation more flexible by customizing its key parameters based 
on the VSWT’s operating point. Accordingly, the released kinetic 
energy and power ramp rate can be selected in proportion of the 
VSWT’s power, rotor speed and/or its reserved kinetic energy. 
The derived scheme offers a significant reduction of the 
mechanical tensions on the turbine compared to the conventional 
one. In addition, when the parameters of the proposed strategy is 
designed according to the VSWT’s power, the inertial response of 
the corresponding wind farm can be exactly estimated only by 
deploying its total generation, regardless of its wind turbines’ 
installed capacities and operating points. Furthermore, a new 
approach is projected to estimate the VSWT’s inertial response 
during the deceleration period using an analytical closed-form 
function. This facilitates large scale system studies. Finally, the 
efficiency of derived linear inertia emulation is evaluated through 
a typical grid with various levels of the wind power penetration. 
 
Index Terms—Frequency support, inertial response estimation, 
linear inertia emulation, torque limit, variable speed wind 
turbines. 
I.  INTRODUCTION 
NERTIAL response provided by synchronous generators 
(SGs) plays an important role in the power systems’ 
frequency regulation mechanism. In contrast, this 
fundamentally crucial feature of power systems would change 
dramatically with the increase of the penetration level of 
converter-based generations such as variable speed wind 
turbines (VSWT) [1], [2]. Inertial response of the VSWTs is 
filtered by power converters in conventional control strategies 
aimed to achieve maximum power point tracking (MPPT). To 
overcome this problem, researchers have proposed several 
solutions to add an auxiliary control loop to wind turbine’s 
(WT’s) controllers to emulate the inertial response of the SGs. 
A complementary control loop to emulate inertial response 
for the VSWTs is presented in [3]. This inertia emulator (IE) 
is designed based on the swing equation to add a frequency-
dependent torque component to the reference torque obtained 
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from the MPPT algorithm. The impact of rotor current 
controller’s bandwidth in a doubly fed induction generator 
(DFIG) on its electric power variations following an abrupt 
frequency excursion is investigated in [4]. It is deduced that 
the lower the value of this bandwidth is, the higher DFIG’s 
inertial response is. An IE consisting of a loop with the rate-
of-change-of-frequency (RoCoF) and frequency deviation as 
its input are derived in [3] and [5], respectively. The DFIG is 
able to inject more inertial response to the network using the 
later one. This certainly reduces the WT’s speed, which in turn 
leads to more power drawn from the network by WT in order 
to recover its speed. A DFIG provides inertial response even 
without IE if its converter controls the stator power, however, 
the WT’s speed will keep decreasing towards unstable 
operation if the frequency does not recover [6]. Additionally, 
the WT’s rotor speed recovery may be problematic while the 
converter adjusts electrical power and the gain and time 
constant of the IE are not properly tuned. In this regard, an 
adaptive-gain inertial control is proposed in [7] to ensure 
stable operation of WTs. To increase the kinetic energy 
extraction from the WT rotor immediately following an event 
and simultaneously reduce the impact of the inertia emulator 
on the WT rotor speed, the time-varying and speed-varying 
inertia gains are used in [8] and [9]-[10], respectively. 
An improper common practice in designing inertia 
emulators was to neglect the maximum torque tolerated by the 
generator. In this context, a torque limit-based (TLB) scheme 
is derived in [11] to maximize the inertial response taking into 
account the maximum torque limit. However, it reduces the 
WT’s inertial power rapidly, which causes a late but 
substantial frequency nadir [12]. To make this less severe, it 
was suggested that the inertial power should be instantly 
increased to a fixed value upon detecting an event and then it 
maintains this value for a preset time [12]. The main 
advantage of this scheme is that the incremental power varies 
with both WT’s rotor speed and wind penetration level [12]. 
On the other hand, there was no algorithm to derive the value 
of this preset time and it was determined through simulations.  
To reduce the adverse effect of WT’s rotor speed recovery 
on the network frequency, the WTs of a wind farm should be 
divided into several groups and their contributions in the 
inertial power will be determined consecutively [13]. An 
inertial response proportional to the frequency variation with 
time variant controlling gain is proposed in [14] in order to 
considerably enhance the WT’s speed recovery procedure in 
comparison with [13]. Another WT’s speed recovery strategy 
is projected in [15] to smoothly perform the transition from 
inertial power to speed recovery modes. It is also suggested 
that the rate of WT’s power reduction should be restricted 
during transition from inertial response to the speed recovery 
in order to reduce the WT’s mechanical tensions [16]. 
The dynamic behavior of the WTs equipped with IE is 
highly dependent on the pre-event operating point. It is shown 
that the inertial energy reaches its maximum value at a wind 
speed lower than the nominal one [16]. In [17], the emulated 
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inertial power is analytically calculated for a VSWT based on 
the allowed minimum WT’s shaft speed and the desirable time 
to inject the inertial power to the grid. Furthermore, the 
required amount of WT’s speed increment to operate at a sub-
optimal point is derived by approximating the WT’s power 
coefficient in [18] considering the permissible minimum value 
of the grid frequency. The dynamics of the WT type 4 is 
studied in [19] during the inertial power injection to the grid. 
The derived IEs have this ability to operate in two conditions 
of constant set-point and variable set-point. The inertial power 
depends to the grid frequency deviation and wind speed 
variation. A proportional-integral controller with the input of 
WT’s rotor speed deviation from its reference value can 
determine the electric power reference during the WT’s rotor 
speed recovery [20]. This allows adjusting the amount of 
power reduction during speed recovery and thus its negative 
effect on the grid will be considerably mitigated. 
In this paper, the conventional TLB inertia emulation 
scheme presented in [11] is firstly modified considering a 
finite ramp rate for the WT’s inertial power. Then, its 
characteristics are analytically derived for different operating 
points of the WT. It is deduced that the derived characteristics 
have non-linear relationship with the WT’s operating point. In 
particular, the kinetic energy released by the WT rotor 
maximizes below its nominal speed. In order to make the TLB 
scheme more flexible, it is modified by customizing its key 
parameters. The main goal of this customization is to make a 
linear relation between characteristics of the proposed TLB 
method and the WT operating point. In the proposed scheme: 
1) The amount of released kinetic energy and inertial power 
ramp rate can be selected in proportion with the WT’s 
power, rotor speed and/or reserved rotor’s kinetic energy. 
2) The starting time of the WT’s rotor speed recovery is 
identical for all operating points of the wind turbine.  
3) Mechanical parts of the turbine experience less stress, 
particularly at low rotor speeds in comparison with the 
conventional TLB scheme. 
4) The WT’s inertial power during the deceleration period 
can be estimated by a closed-from analytical function to 
facilitate the power systems’ frequency assessment.  
5) The inertial response of a wind farm can be exactly 
estimated only by using its total generation, regardless of 
wind turbines’ installed capacities and operating points. 
This paper is organized as: Section II introduces concisely 
the WT’s aerodynamics. The conventional TLB IE is modified 
and examined in Section III. The proposed linear TLB scheme 
is described in Section IV. The simulation results are provided 
in section V. Finally, Section VI concludes the paper. 
II.  WIND TURBINE AERODYNAMICS 
The mechanical power generated by a wind turbine (Pm) is: 
2 30 5m PP . C R V                       (1) 
where 𝜌, R and 𝑉 are air density, rotor radius and wind speed, 
respectively. In VSWTs, CP is WT’s power coefficient which 
is a function of the blade pitch angle 𝜃 and tip speed ratio 𝜆. It 
can be defined as follows [21]: 
1 R V                       (2) 
where, 𝜔 denotes the mechanical angular speed of the rotor.  
The CP can be traditionally calculated as follows [22]: 
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    (3) 
The maximum 𝑃𝑚 can be achieved at the optimum tip speed 
ratio 𝜆𝐶𝑃𝑚𝑎𝑥  where CP has its maximum value CPmax. For the 
WT operation below rated wind speed, the pitch angle 𝜃 is 
equal to zero [21]. Then, taking the derivative of CP in (3) 
with respect to 𝜆 and equalize it to zero yields: 
 
1
2 7 2 6 7 2 7 9PmaxC
c c c c c c c c

                   (4) 
In VSWTs, 𝜆𝐶𝑃𝑚𝑎𝑥  is maintained and power captured by the 
WT is maximized known as MPPT control [11]. In this study, 
a generic form of (1) is derived where the parameter k1 is: 
1
1 maxPC nom Vnom
k V                     (5) 
where, 𝑉𝑛𝑜𝑚 and 𝜔𝑉𝑛𝑜𝑚 are the nominal wind speed and the 
WT speed at 𝑉𝑛𝑜𝑚, respectively. Thus, (2) is expressed as:  
1
1  K V 
                      (6) 
In the other hand, the parameter k2 is defined by: 
1 3
2 maxmVnom P nomk P C V
                    (7) 
where, 𝑃𝑚𝑉𝑛𝑜𝑚 denotes the wind turbine power at 𝑉𝑛𝑜𝑚. 
Therefore, (1) may be rewritten as: 
 
33 3
2 2 1m P PP k C V k C k 
                (8) 
The optimum turbine power 𝑃𝑜𝑝𝑡  is obtained by substituting 




2 1 Pmaxopt P Ca om ptx
P k C k k                (9) 
3
opt mVnom Vnomk P 

                  (10) 
III.  THE CONVENTIONAL TORQUE LIMIT-BASED APPROACH  
The main aim of the conventional TLB IE scheme is to 
extract maximum kinetic energy from WT’s rotor. Note, the 
WT can generate more electrical power than its mechanical 
one through its rotor speed reduction. This power comes from 
the stored kinetic energy in its rotor. The characteristics of this 
method are illustrated by the ADC trajectories in Fig. 1. Here, 
the WT’s electrical power 𝑃𝑒 is governed by [11]:  
 mi ne en miP P k                   (11) 
  
1
0 0 0ma n ie mx mi nk P P   

               (12) 
3
0 0    ma omin minpax tx mP T , P k                (13) 
with 𝜔𝑚𝑖𝑛  and 𝑇𝑚𝑎𝑥  as the permissible minimum rotor speed 
and the maximum electrical torque, respectively. 𝜔0 is the pre-
event rotor speed. In fact, ke is the slope of the DC line in Fig. 
1.a. With an infinite ramp rate, it can be observed that the 




























Fig. 1. Operational characteristics of the TLB inertia emulation schemes. 
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instant, and it decreases over the time. With the assumption of 
𝜔𝑚𝑖𝑛  equal to zero, the torque remains maximum for all 
intervals ranged from t0 to t2. It will cause the kinetic energy to 
be injected into the network in the shortest possible time. 
However, it will be difficult to establish the rotor speed 
stability in this case, and sudden electric power decrement 
leads to a second frequency dip [11]. Taking into account a 
finite power ramp rate, ABC trajectory represents the modified 
conventional TLB scheme. The quantities of this modified 
scheme are derived hereinafter. It is assumed that the pre-
event WT speed must be greater than 𝜔0𝑚𝑖𝑛  in order to 
activate the inertia emulator. Thus, it can be exposed as: 
0min m thin                     (14) 
where, ∆𝜔𝑡ℎ is the required threshold for the WT’s speed. By 
defining a power ramp rate 𝑅𝑃, (11) can be rewritten as: 
  0    mi me e Pn n eiP min P k , P R t           (15) 
where, 𝑃𝑒0 denotes the pre-event optimal WT’s electrical 
power. For a zero pitch angle, the mechanical power 𝑃𝑚〈𝜔〉 at 
an arbitrary speed 𝜔 for the pre-event speed 𝜔0 should be 
estimated by 𝐶𝑃 approximation using Taylor’s series. This 
derives the coefficients a, b and c as follows: 
2
0 0( ) ( )mP a b c                    (16) 
where 
 
   
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Now, the WT’s swing equation during time interval (𝑡0, 𝑡1) 
can be described as follows: 
 0m e P
d t





                 (18) 
where M is the combined mechanical time constant of the 
WT’s and generator’s shafts. Here, t0 is considered to be the 
time origin. Although there is no straightforward solution for 
obtaining 𝜔〈𝑡〉 from (18), it can be approximated using Taylor 





( ( ) )m P
d t d d t
P R M




   
    
 
     (19) 
By calculating the time-domain derivative of 𝑃𝑚〈𝜔〉 and its 
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                (21) 
Therefore, 𝜔〈𝑡〉 can be approximated as follows: 
1 2
0 0(2 )Pt R M t  
                  (22) 
Considering RP as ramp rate, point B in Fig. 1 shows the 
maximum inertial power. The time to reach to this point is 
indicated by 𝑡1. This parameter can be calculated by equating 
two arguments located in parenthesis of (15) as follows: 
0 1 0 1( )min mine P eP R t P k t t                   (23) 
Substituting (22) into (23) and solving the result for 𝑡1 yields: 
1 1 1 2
1 0 0 0( 1 1 2 ( ))e e P optmaxt M k k R M T k  
            (24) 
Hence, the WT’s rotor speed 𝜔1 is given by:  
 
1 2
1 0 0 0 12PR M t   

               (25) 
After instant t1, the amount of inertial power is determined 
by the BC line. The electrical power is identical with the WT’s 
mechanical power at point C. Accordingly, t2 can be also 
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The parameter t2 can be calculated using indefinite integral 
of right-hand side of the above equation as follows: 
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   min mine eb b k , c c P k                 (28) 
However, the speed 𝜔2 must be determined before 
calculating t2. To do this, 𝜔 should be replaced with 𝜔2 in (11) 
and (16) and it can be achieved as follows: 
 
12
2 0 0 ( 4 ) 2b b ac a  

                 (29) 
0( )m inein mc c P k                     (30) 
After which, t2 can also be obtained from (26), however, it 
will be an infinite value. The mathematical reason behind this 
fact is that the term inside the integral of (26) tends to infinity 
by moving from point B to C. The physical reason is that the 
deceleration torque tends to be zero by moving towards point 
C and as such the speed will never reduce to 𝜔2. Therefore, t2 
is calculated for a value more than 𝜔2 denoted by 𝜔2
′ . It 
represents the rotor speed in which the kke fraction of the 
stored kinetic energy in the rotor is released by speed 
reduction from 𝜔0 to 𝜔2. kke can be formulated as follows: 
2 2 2 2 1
0 2 0 2( )( )kek    
                 (31) 
Consequently, solving the above equation for 𝜔2
′  yields: 
 2 2 22 0 0 0 2kek                     (32) 
The released kinetic energy KErel, through the WT’s rotor 
speed reduction from 𝜔0 to 𝜔2
′  is: 
2 2
0 20 5 ( )relKE . M                   (33) 
Fig. 2 portrays all the quantities related to the modified 
conventional TLB scheme for a wind turbine with parameters 
listed in Table I. The horizontal axes in the upper and lower 
sides represent the pre-event WT speed and power quantities, 
respectively. Note that top ticks are shown in non-linear scale 
since the power’s ticks have linear scale. Here, the minimum 
speed required to activate IE is assumed to be 0.65 p.u. The RP 
is assumed to be 0.05 p.u./s. It can be observed that the 
maximum amount of 𝑡1 and thus that of the inertial power 
occur at an operating point lower than the nominal one. This is 
also applicable with the released kinetic energy KErel, while its 
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Fig. 2. The characteristics of the modified conventional TLB scheme. 
TABLE I 
PARAMETERS OF THE STUDIED WIND TURBINE [23] 
𝑉𝑛𝑜𝑚 11.8 m/s 𝜔𝑉𝑛𝑜𝑚 1 p.u. 𝑀 10.5 s ∆𝜔𝑡ℎ 0.05 p.u. 
𝑇𝑚𝑎𝑥 1.2 p.u. 𝑃𝑚𝑉𝑛𝑜𝑚 1 p.u. 𝜔𝑚𝑖𝑛 0.6 p.u. 𝑅𝑃 0.05 p.u./s 
𝑐1−9 = [0.279, 118, −0.5, 0.922, 1.12, 3.33, 15.6, 0.102, 0.017] 
corresponding maximum point differs from that associated one 
with 𝑡1. It is to be noted that the unit of the vertical axis in Fig. 
2.c is per-unit per seconds. It can be seen from Fig. 2.b that the 
time interval of the inertial power injection varies from 5 to 22 
seconds. The most important characteristic of the traditional 
TLB quantities shown in Fig. 2 is their non-linearity with the 
WT operating point. 
IV.  THE PROPOSED TORQUE LIMIT-BASED APPROACH  
In this section, the traditional TLB method is modified in 
such a way as to make a linear relationship between the 
quantities shown in Fig. 2 and the WT’s operating point. In the 
proposed method, the following relationship holds between 
released kinetic energy for an arbitrary pre-event speed 𝜔0 and 
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    
   
     
    (34) 
where, N can be an integer value from 1 to 3. While it is 1, 
KErel for two speed values is proportional to the ratio of those 
two speeds. In the case of N  2, KErel is proportional to the 
KE value corresponding to these two speeds. Finally, KErel for 
the two speeds is proportional to the WT’s power at those two 
speeds in case of N  3. Then, solving (34) for 𝜔2
′  yields:  
    2 2 22 0 010 0 0 2min min min
N
    

          (35) 
On the other hand, the power ramp-up rate for an arbitrary 
speed 𝜔0 is calculated in a similar way with KErel but based on 
the ramp rate of the maximum speed 𝑅𝑃𝑚𝑎𝑥 as follows: 
1
0 0 0( ( ) )maxP a
N
xPmR R  
               (36) 
Then, the slope of the BC segment shown in Fig. 1.a can be 
calculated for the maximum speed 𝑘𝑒𝑚𝑎𝑥  as follows: 
  
1
0 0 2 0 2max max max max max maxe mk T P    

           (37) 
Therefore, by calculating (36) and (37) for the maximum 
speed and then substituting the results into (24), the critical 
time 𝑡1 for the maximum speed will be determined. After 
defining the vital parameters of the ABC path for the 
maximum speed 𝜔0𝑚𝑎𝑥, the parameters associated with speeds 
less than 𝜔0𝑚𝑎𝑥  is calculated hereinafter. As a feature of the 
proposed method, it is assumed that the inertial power value 
for all speeds less than 𝜔0𝑚𝑎𝑥  reaches its maximum point after 
the same time with that of 𝜔0𝑚𝑎𝑥 . Thus, it gives: 
1 0 1 0maxt t                        (38) 
If the left-hand side of (38) is substituted by (24) and solving 
the result for the maximum torque of the speed 𝜔0, i.e., 
𝑇𝑚𝑎𝑥〈𝜔0〉 it yields:  




0 2 0 1 0 2 0 1 2
2 1 2





k d t . t M P
d . M t

       











                    (40) 
By determining the maximum permissible torque for speed 
𝜔0, the slope of BC line can be obtained for this velocity as: 
  
1
0 0 0 2 0 2 maxe mk T P      

                (41) 
Thus, the parameters of the ABC path are determined for all 
speeds ranging from 𝜔0𝑚𝑖𝑛 to 𝜔0𝑚𝑎𝑥.  
In this context, it’s quite fruitful to provide further 
explanations. The traditional TLB method’s path can be 
characterized by identification of three points A, D, and C as 
shown in Fig. 1. These points can be specified by determining 
the maximum allowable WT’s electrical torque and its 
minimum speed limit. In this scheme, both limits are 
presumed to be identical for all pre-event WT speeds. 
Eventually, point B can be also specified by choosing a power 
ramp rate RP for all operating points. In contrast, in the 
proposed TLB method, the objective is to set the permissible 
values of maximum torque 𝑇𝑚𝑎𝑥〈𝜔0〉 and speed 𝜔2
′  for 
discrepant values of 𝜔0 in such a way that (34) is applicable 
for the released kinetic energy at two different speeds. A 
flowchart illustrating the proposed TLB method is provided in 
Fig. 3. The first main step calculates 𝑡1 for the maximum 
speed. In the second stage, the maximum torque 𝑇𝑚𝑎𝑥〈𝜔0〉 for 
pre-event speed 𝜔0 is determined so that (38) will be satisfied. 
Finally, the slope of BC line shown in Fig. 1.a, i.e., 𝑘𝑒〈𝜔0〉, is 
calculated to hold the relationship mentioned in (34).  
Input parameters 
min, th, 0max, Tmax, RPmax, kke, N
Equation (14) 
gives 0min 
Substituting0 0min  
into (29) gives 2min 
Substituting 0 0min  and
Substituting 0 0max  
into (35) gives '2max 
(37) gives 
kemax
Substituting 0 0max and  '2max 
Substituting 
0 0max, 
RP  RPmax and





2 2min into (32) gives '2min 







Substituting  '2 into 






Fig. 3. Flowchart of the proposed TLB inertia emulation scheme. 
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The characteristics of the proposed method are plotted in 
Figs. 4 and 5 along with the traditional ones. It is clear-cut 
from Fig. 4.a that the released kinetic energy in the proposed 
method is less than the traditional one (with the exception of 
Pe0 > 0.92 for N = 3). However, in the proposed method, this 
quantity corresponds to N equal to 1, 2 and 3 is proportional to 
the speed, speed square and power of the WT, respectively. 
On the other hand, the power ramp rate 𝑅𝑃〈𝜔0〉   decreases 
with WT power decrement in the proposed approach, while it 
has a fixed value for the conventional method. Moreover, the 
maximum permissible torque obtained from (39) reduces with 
decreasing the power. In Fig. 4.d, both schemes are compared 
in terms of slope of BC line. In the conventional method, this 
slope increases dramatically with the decrease of the WT 
power, while it decreases slightly in the proposed method. 
The methods are also compared in Fig. 5 in terms of 
electrical power and torque. As can be seen from Fig. 5.a, the 
maximum amount of electrical power increment following the 
incident (at point B in Fig. 1) in the proposed method is less 
than the traditional one. However, it has a linear behavior with 



























































































Fig. 5. (a) The maximum electrical power deviation, (b) the maximum 
electrical torque and (c) the averaged torque ramp rate of the wind turbine. 
corresponding to the powers in Fig. 5.a is shown in Fig. 5.b. 
The difference between this quantity and its permissible limit 
𝑇𝑚𝑎𝑥〈𝜔0〉, portrayed in Fig. 4.c, increases with the WT power 
reduction in the traditional approach. However, this 
discrepancy is minor for all the WT operating points in the 
modified method. Finally, the methods are compared from the 
viewpoint of average rate of torque increment RT from the 
event instant to 𝑡1 as shown in Fig. 5.c. This is obtained as: 
  1 1 10 1 0 0 1mT e axe eR P P P t                  (42) 
By comparing the proposed method with the traditional one 
in terms of 𝑅𝑇, it is exposed that albeit traditional method 
produces more inertial power in lower power values, it is 
accompanied with a significant increment of stress on WT’s 
shaft. On the other hand, the lower torque increment rate is 
one of the major benefits of the proposed method along with 
its linear characteristics. In particular, the value of 𝑅𝑇 is 
decreased in the proposed scheme with increasing N. 
The inertial responses of the WT provided by both TLB 
schemes are shown in Fig. 6. Here, the pre-event speed 𝜔0 
ranges from 0.65 to 1 p.u. with 0.05 p.u. incremental step. It 
can be seen that in the conventional method, the shape of the 
electrical power is highly dependent on the WT’s operating 
point, while this is not the case with the proposed method. In 
this method, regardless of the pre-event WT operating point, 
the inertial power reaches its maximum limit after 3 seconds. 
For analysis purpose, it is convenient to model available 
WT’s inertial response by a closed-form function to assess 
their contribution to the short-term frequency regulation at the 
power system-level [24], [25]. In this context, a new approach 
is proposed to analytically estimate the inertial response of the 
WTs which are controlled by the proposed TLB scheme. It can 
be deduced from Fig. 6.b that the electrical power is reduced 
exponentially after 𝑡1. To obtain the time constant of this 
exponential function, the linear relationship between velocity 
and electrical power in (14) is taken into account. The WT 
speed can be estimated as follows: 
  12 1 2 1 1( ( ) )   for   ˆ t exp t t t t    
              (43) 
On the other hand, the electrical and mechanical powers 
between points B and C can be expressed as follows: 




















































Fig. 6. WT inertial responses with (a) the modified conventional and (b) the 
proposed TLB schemes; (c) the inertial response estimation error. 
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 2 2m m mP P k                        (45) 
  
1
1 2 1 2m m mk P P     

                   (46) 
In the abovementioned equations, the mechanical power is 
approximated by a first-order polynomial. Next, substituting 
(43)-(46) into the equation (18) and rearranging yields: 
 
1
e mM k k t 

                       (47) 
It is clear that the derived time constant 𝜏 has a time-
variable nature. To solve this difficulty, two values are defined 
for 𝜏 ignoring km with respect to ke as follows:  
1 1
1 1 2 2    e ek M , k M   
                   (48) 
Finally, the electrical power can be estimated as follows: 
    12 1 2 1 1 e m eP̂ t P k exp t t , t t                   (49) 
The inertial power trends shown in Fig. 6.b are estimated 
using (49) and their estimation errors are illustrated in Fig. 6.c. 
These results indicate that (49) works well under 𝜏1. 
To restore the WT’s rotor speed, its electrical power is 
determined by (50) in order to establish a trade-off between 
the time needed for WT’s rotor speed recovery and the power 
drawn from the power system as follows: 
 
2
2 20 99rec m recP . P k                   (50) 
  
2
0 2 0 20 99rec e mk P . P    

               (51) 
The characteristics associated with (50) are depicted in Fig. 
7. This relationship is equation of the EA curve shown in Fig. 
7.a. In order to reduce the shaft torque fluctuations, a down-
rate limiter should be deployed to restrict the power decrement 
rate immediately following the speed recovery interval. In this 
case, the WT’s electrical power is gradually reduced from C' 
to E'. In this study, this rate is set to 𝑅𝑃𝑚𝑎𝑥. The factor 0.99 is 
used in (50)-(51) to ensure positivity of acceleration torque. 
V.  SIMULATION RESULTS 
This section applies the TLB methods described in sections 
III and IV to evaluate their performance. The studied power 
system is firstly described. Then, the proposed strategy is 
compared against the modified conventional one through the 
time-domain simulations. 
A.  The System Description 
The studied power system is implemented in DIgSILENT 
PowerFactory 2018, as shown in Fig. 8. The system’s demand 
is simulated by a 1000 MW, 100 MVar general load (GL) 
element. Load damping constant is 2%/Hz [26]. The steam 
turbine (ST) unit supplies 5% of the system’s demand. The gas 
turbine (GT) plant is selected as slack machine. A wind farm 
is integrated into the system through a transformer and a 50 
km transmission line. A STATCOM is deployed for the sake 
of voltage support at the wind farm location. To measure the 
wind farm installed capacity, the 𝑘𝑖𝑐 is defined as follows: 






























Uk = 12.5%  
Fig. 8. Schematic of the studied power system in DIgSILENT PowerFactory. 
where, 𝑃𝑤𝑓𝑚𝑎𝑥 and 𝑃𝑑 represent the  wind farm installed 
capacity and the system’s demand, respectively. On the other 
hand, the following parameter kop is employed to calculate the 
operating point of the wind farm as follows: 
 1100op wf maxwfk P P                  (53) 
where, 𝑃𝑤𝑓 denotes the farm active power. In fact, multiplying 
(52) by (53) gives the wind penetration level. The 
performance of the proposed TLB scheme is compared with 
that of the conventional one under four various case studies. 
The power flow results are illustrated in Table II for these 
scenarios. In this table, S, P and Q denote apparent, active and 
reactive powers, respectively. The installed capacity of the 
wind farm is 40% in the first case, while it is 80% of the 
system demand in the second one. In the first two case studies, 
it is assumed that the wind farm consists of 10 identical wind 
turbines which operate in a similar operating point. However, 
this is not the case for the third and fourth study cases, in 




















                  (54) 
where 𝑃𝑤𝑡,𝑖 is active power of the i
th
 wind turbine. Detailed 
data of the wind turbines are provided in Table III. 
The GT plant is equipped with a standard governor with 5% 
droop which its response is assumed to be linearly increased 
until 10 seconds [27]-[29]. This helps GT to deliver its 
maximum primary frequency response (PFR) [30]. The 
maximum loss-of-generation ∆𝑃𝑙𝑜𝑔,𝑚𝑎𝑥 is simulated by 
tripping off the ST unit. Thus, the maximum PFR is 4% of the 
system’s demand for 49.5 Hz as allowed steady-state 
frequency deviation [30], [31]. Apparent power of the GT 
unit, 𝑆𝑔𝑡, is determined in such a way that its maximum rate-
of-change-of-frequency (RoCoF) is limited to -0.5 Hz/s for the 
largest event [30]. Hence, this parameter must be greater than 
Smin percentage of system demand. It can be calculated as: 
TABLE II 
POWER FLOW OF THE STUDIED SYSTEM (IN % OF THE SYSTEM DEMAND) 
Unit Load GT plant ST plant Wind farm STATCOM 
Case P Q S P Q S P S P S Q 
Case 1 100 10 95 66.4 6.8 5.9 5 40 28.8 4 3 
Case 2 100 10 41.7 22.2 1.6 5.9 5 80 73.6 8 4.7 
Case 3 100 10 96.7 67.7 6.4 5.9 5 50 27.5 5 3.7 
Case 4 100 10 114 80 5.1 5.9 5 50 15 5 3.7 
TABLE III 
THE INSTALLED CAPACITIES AND OPERATING POINTS FOR WIND TURBINES 
WT number 1 2 3 4 5 6 7 8 9 10 Farm 
Case 1 
𝑘𝑖𝑐  4 4 4 4 4 4 4 4 4 4 40 
𝑘𝑜𝑝 72 72 72 72 72 72 72 72 72 72 72 
Case 2 
𝑘𝑖𝑐  8 8 8 8 8 8 8 8 8 8 80 
𝑘𝑜𝑝 92 92 92 92 92 92 92 92 92 92 92 
Case 3 
𝑘𝑖𝑐  0.91 1.82 2.73 3.64 4.55 5.45 6.36 7.27 8.18 9.09 50 
𝑘𝑜𝑝 30 40 40 55 60 50 70 80 60 30 55 
Case 4 
𝑘𝑖𝑐  0.91 1.82 2.73 3.64 4.55 5.45 6.36 7.27 8.18 9.09 50 
𝑘𝑜𝑝 30 0 0 0 0 50 55 55 55 0 30 
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      (55) 
where, 𝑀𝑔𝑡 denotes mechanical time constant of GT. In 
addition, it is assumed that the active power of the GT, 𝑃𝑔𝑡 , is 
equal or lower than 0.7 of its rating capacity. Then, it yields: 
 10 7  gt gt minS max . P , S                  (56) 
In this study, the extended WT type 4 IEC model is 
simulated as shown in Fig. 9 [32]. The Wind Turbine block 
models aerodynamics of the turbine using equations (1)-(8). 
The MPPT determines the optimal power. The Drive Train 
represents the mechanical parts of the turbine through a two-
mass model [32]. The power controller illustrated in Fig. 10 
modulates the active power of the WT plant. Here, the 
Selector block selects its top input; otherwise, other blocks 
will be ignored. Output of the Flag_F block will jump from 
zero to one when the GT frequency deviation is greater than 
F_db. It means Pref_IR and P_IR signals have values identical 
with optimal power P_mppt during normal system operation. 
The Tref_IRd and Pref_IRd denote the electrical torque and 
power references during the deceleration period of the WT’s 
inertial response. The Inertia emulator contains (11)-(41) to 
implement the TLB methods. The speed recovery equations 
(50)-(51) are incorporated into the IR_Pref block. It deploys 
the turbine speed W and Flag_F as logical signals to determine 
the inertial power Pref_IR. The Rp_IRd and Rp_IRa are ramp 
rates during the deceleration and acceleration periods. The 
latter is set to the maximum value of the former one. The Hold 
block is considered to set the output at rising edge of Flag F. 
In Fig. 8, the Wind Farm element models the gird side 
converters of 10 WT power plants with an equivalent 
converter. Fig. 11 shows how reference value of its direct axis 
current is calculated based on the reference power of the WT 
plants and voltage amplitude of the wind farm terminal. 
B.  Frequency Response with Medium Wind Penetration 
In the first case study, the installed capacity of the wind 
farm is 40% and all of the 10 WTs operate with 𝑘𝑜𝑝 = 72%. 
In this condition, the kinetic energy released from rotor of 
WTs has maximum value for the conventional TLB scheme 
(See Fig. 4.a). The system frequency response to ST’s tripping 
is illustrated in Fig. 12. To get better insight into the system 
operation, the power traces are represented in percentage of 
the system demand. The results are shown for three scenarios. 
The inertial response of the WTs is deactivated in the No 
Inertia scenario. The WTs inertial response is governed by the 
modified conventional and the proposed TLB methods in the 
Conventional and Proposed scenarios, respectively. As 
previously shown in Fig. 4 and Fig. 5, the released kinetic 
 
Fig. 9. Block diagram of the proposed WT Power Plant in PowerFactory. 
 





Pref from Wind Turbine 1
Pwf
Pref from Wind Turbine 10
Fig. 11. Schematic for the wind farm’s power calculation process.  
energy and torque ramp rate quantities have the maximum and 
minimum values, when N is 3 in the proposed method. It can 
be deduced that the proposed TLB technique is customized 
based on the wind turbines’ power. It can be seen from Fig. 12 
that although the wind farm generates more inertial power 
using the conventional scheme, the GT’s frequency nadir is 
deteriorated. However, it improves the RoCoF. This is due to 
the fact that the maximum increment of the farm’s electrical 
power is about two times of the disturbance size. On the other 
hand, the results indicate that the proposed scheme is able to 
improve the frequency nadir, while maintaining a positive 
effect to reduce RoCoF. 
To understand the IR_Pref block in Fig. 10, its logical flags 
are shown in Fig. 13. Some of these traces are scaled. The 
frequency dead-band required for activation of the inertia 
emulator is assumed to be 0.1 Hz. When the GT frequency 
















































































Maximum PFR = 4%
4.6%×0.41 0.115 p.u.  
8.6%×0.41 0.215 p.u.  
 
Fig. 12. Simulation results of case study 1 (𝑘𝑖𝑐 = 40% and 𝑘𝑜𝑝 = 72%).  
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Time (s)
2fgt (Hz)Flag F Flag W
Flag IRd
Flag IRa
Fig. 13. Case study 1: the logical flags for the proposed TLB scheme. 
remains constant up to 1 second. The Flag W is set to 1 if the 
WT speed is greater than 100.1% of 𝜔2
′ , otherwise, it is set to 
0. To prevent redundant switching at the beginning of the 
WT’s speed recovery, Flag W remains constant up to 5 
seconds when it drops to 0. If the Flag W is 1, the Flag IRd 
varies from 0 to 1 at rising edge of the Flag F. This flag will 
reset to 0 when the Flag W is 0, otherwise, it holds its old 
value. The Flag IRa changes from 0 to 1 at falling edge of the 
Flag IRd, otherwise, it remains at its old value.  
C.  Frequency Response with High Wind Penetration 
In the second case, the installed capacity of the farm is 
increased from 40% to 80%. In addition, the WTs operate at 
92% of their capacities where the turbines release identical 
kinetic energy under TLB schemes. It is notable that the 
higher wind generation causes system inertia reduction. 
Therefore, Gt’s rating is limited to 𝑆𝑚𝑖𝑛  to restrict its RoCoF 
to -0.5 Hz/s. The frequency response of the studied system is 
shown in Fig. 14. It is observed that the GT’s frequency nadir 




























































































kfd 0.8 Flag IRd
fmin  49.5 Hz
 
Fig. 14. Simulation results of case study 2 (𝑘𝑖𝑐 = 80%  and 𝑘𝑜𝑝 = 92%). 
TLB methods are used. By comparing Figs. 14.d and 14.e, it 
can be concluded that the wind farm response is not 
coordinated with that of the GT in these scenarios. To solve 
this problem, a frequency-dependent coefficient is defined as: 
  
1
 1 Flag IRd 0
1 Otherwise
       

gt min min nom
fd
min f f f f ,
k   (57) 
where, 𝑓𝑛𝑜𝑚 and 𝑓𝑔𝑡 are nominal and measured frequencies of 
the GT in Hz. In fact, 𝑘𝑓𝑑 is linearly increased from zero to 
one when the GT frequency decreases from 𝑓𝑛𝑜𝑚 to 𝑓𝑚𝑖𝑛. As 
shown in Fig. 10, the inertial response of the WT can be 
modified by multiplying it by 𝑘𝑓𝑑. The FD-Proposed scenario 
shown in Fig. 14 corresponds to the modified scheme under 
𝑓𝑚𝑖𝑛 = 49.5 Hz. This method considerably improves system 
frequency especially its nadir by coordinating the GT’s and 
WT’s responses. In this scenario, the delayed WT speed 
recovery allows the system operator to release primary 
reserves and mitigate the second frequency dip at t = 50 s. 
D.  Estimation of the Wind Farm’s Inertial Response 
In real world, the wind farms are located in different 
geographical locations with different wind speeds. Moreover, 
turbines with various ratings and dissimilar operating points 
may construct a farm. For example, the total installed capacity 
of the wind farm is 50% in cases 3 and 4 while it is not similar 
for each individual wind turbines. Also, the turbines’ 
operating points are totally different. Let’s suppose that only 
the farm’s generated power is known. An interesting question 
that arises is how the wind farm’s inertial response can be 
estimated. To this end, the averaging technique is proposed. In 
other words, the estimated power has similar shape with those 
wind turbines which have identical operating point with wind 
farm’s averaged operating point. With reference to Table III, 
these target turbines are WT 4 and WT 1 in Case 3 and Case 4, 
respectively. Their estimated inertial powers are compared 
with their true values in Figs. 15 and 16, respectively. It can be 
seen that the estimation error is considerable if the modified 
conventional TLB scheme is deployed, especially when 
operating points of the individual turbines differs significantly 
with respect to averaged operating point of the farm, as shown 
in case 4. On the other hand, the linear characteristics of the 
proposed TLB strategy results in negligible estimation errors. 
VI.  CONCLUSIONS 
In this paper, the conventional torque limit-based (TLB) 
method is firstly modified considering a definite ramp rate for 
inertial power of wind turbines (WT). It is revealed that the 
kinetic energy released by the WT’s rotor is maximized at 
medium WT’s rotor speed due to the non-linear relationship 
between the conventional TLB scheme’s features and the WT 
operating point. Secondly, a linear TLB strategy is proposed 
by customizing its key parameters to obtain a linear relation 
between its characteristics and the WT’s operating point. In 
particular, the amount of the released kinetic energy and 
power ramp rate can be chosen in proportion of the pre-event 
values of power, rotor speed and or reserved rotor kinetic 
energy of the WT. It is shown that the suggested TLB method 
put lower stress on the mechanical parts of the turbine, 
especially at low rotor speeds, in comparison with the 
conventional one. However, the latter one can provide more 
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Fig. 16. Simulation results of case study 4 (𝑘𝑖𝑐 = 50%  and 𝑘𝑜𝑝 = 30%). 
inertial energy. The effectiveness of the discussed TLB 
methods is investigated through a power system under 
different wind penetration levels. The results illustrate that the 
suggested inertia emulation strategy ensures more secure 
system operation. However, while the wind penetration is 
high, the incoordination between the WTs inertial response 
and governor response of the fossil-fueled unit deteriorates the 
frequency nadir for both TLB schemes. In order to tackle this 
challenge, it is suggested that the WT’s inertial power should 
be multiplied by a frequency-dependent gain. The study also 
shows that when the parameters of the proposed method is 
designed based on the WT’s power, the inertial response of a 
wind farm can be exactly estimated only by using total 
generation of the farm, regardless of its turbines installed 
capacities and operating points. Finally, a new approach is 
also projected to estimate the inertial response of the WT 
during the deceleration period using an analytical closed-form 
function which facilitates large scale system studies. 
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